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The purpose of this study was to investigate the possible effects of a treadmill training program on regeneration in young (3-month-old) and mature (13-month-old) rats with sciatic nerve crush using functional, electrophysiological, and morphometric analyses. When compared to both the young and mature untrained injury groups, those groups that underwent a treadmill training showed improved sensorimotor function evaluated by narrow beam test (p < 0.04 and p < 0.001, respectively), while muscle action potential amplitude was only greater in the young group (p < 0.02). The treadmill training program was able to reduce myelinated fiber density in the young group (p < 0.001), which appeared to increase after nerve injury (poly-innervation), but decreased with training, which means that the innervation became more functional. The data indicate that treadmill training is able to promote functional, electrophysiological and morphological recovery in young animals. However, in mature animals, improvement was only seen in terms of functional recovery.
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Peripheral nerve injury causes decreased or complete loss of sensitivity and motricity in the innervated region [26] . Injured axons in the peripheral nervous system exhibit a greater regenerative response than those in the central nervous system. However, functional recovery is often incomplete and such injuries result in long lasting disabilities. The age of the patient, type and location of the lesion, time lapse between the injury and the surgical procedure are a few of the factors that influence the regenerative process [12] .
Clinical and experimental investigations have supported an agedependent influence on recovery after peripheral nerve injury, with reduced regeneration capacity and functional recovery in older subjects [3, 15, 28] . As of 12 months of age, rat nerve begins to show signs of age-related changes: the number and the density of myelinated and unmyelinated nerve fibers begin to decrease; the presence of outfolded myelin loops increases [19, 31] ; and the speed and intensity of axonal growth is reduced [20] .
Physical exercise is an important therapeutic tool used in the rehabilitation after nerve injury models. Treadmill training applied following traumatic peripheral nerve injury results in demonstrable improvements in nerve regeneration [13] . When comparing the effects of treadmill training with those of resistance training [17] , it was demonstrated enhanced myelinated fiber maturation and increased myelinated fiber area, associated with a reduction in the area of endoneurial connective tissue with treadmill training after traumatic sciatic nerve injury in rats, while resistance training was shown not to have the same therapeutic potential. Additionally, treadmill training after sciatic nerve transection promotes higher levels of muscle reinnervation and increased number of regenerated myelinated axons [1] .
However, the influence of physical exercise on regeneration and functional recovery after peripheral nerve injury in the relation to the aging process has not been described until now. Thus, the aim of the present study was to use sensorimotor evaluation, muscle evoked potential and morphological nerve analysis to assess the therapeutic potential of treadmill training following sciatic nerve crush injury in young and mature rats.
Experiments were performed on 46 male Wistar rats at 2 different ages: 3 months and 13 months (age at the start of the experiment), from a local breeding colony (ICBS, UFRGS, Brazil). The rats were housed in standard plexiglass boxes, under 12:12 h light/dark cycle, in a temperature controlled environment (20 ± 1 • C), with food and water available ad libitum. Procedures were in accordance with Brazilian laws and the recommendations of the Brazilian Society of Neurosciences and the International Brain Research Organization. This study was approved by the Ethics Committee of our institution (nr. 2008193).
The animals were randomly divided into six groups: (1) young untrained rats without sciatic crush (YCon); (2) young untrained rats with sciatic crush (YIn); (3) young treadmill trained rats with sciatic crush (YTr); (4) mature untrained rats without sciatic crush (MCon); (5) mature untrained rats with sciatic crush (MIn); (6) mature treadmill trained rats with sciatic crush (MTr). Thereafter, animals were anesthetized using sodium thiopental (40 mg/kg, i.p.; Cristália, Brazil) and the right sciatic nerve was crushed with 1 mm hemostatic forceps for 30 s [4] . The animals in the YCon and MCon groups, constituting the sham groups, were submitted to sciatic nerve exposure, as were the lesion groups, but they were not submitted to nerve crush.
Three days later, all animals underwent a 4-day treadmill training adaptation program consisting of 10 min at 5 m/min. On the fifth day they were submitted to a Maximal Exercise Test (MET) [23] .
The treadmill training program was performed on a treadmill designed for humans (Runner, Brazil) and modified for use by rats. This training program consisted of running on a treadmill for 20 min on the first day with progressive increases every day, reaching 60 min on the 7th day, which was maintained for the next 4 weeks. Based on previous study performed by [8, 17] , each training session included a warm-up period of 5 min running at 30% of the maximal speed reached in the MET, 10-50 min running at 45-50% and 5 min recovery at 30% again, 5 sessions per week, once a day, during 5 weeks.
This training program was considered a moderate-intensity endurance regime, because the animals ran for a long time at 45-55% of the maximal speed reached in their MET.
The horizontal ladder rung walking test (HLRWT) and the narrow beam test (NBT) (n = 7 in YIn and YTr groups and n = 8 in other groups) were used to examine hindlimb sensorimotor function. On the last day of treadmill training, the animals were adapted 3 times to cross the narrow beam and the horizontal ladder. The sensorimotor test was performed the following day. For each test, the animals were filmed (DCR-DVD 205, Sony, USA) 3 times from a lateral view.
HLRWT consisted in an apparatus of 100 cm long and 15 cm wide, with horizontal parallel metal rungs (3 mm diameter) which could be inserted in sequence to create a floor with a minimum distance of 2 cm between rungs, elevated 30 cm above the floor and with a little dark box at the end, were the animals walk along during the test.
NBT consisted of walking crossing a 100-cm long, 3-cm wide flat surface beam, elevated 30 cm above the floor. The animals were required to walk along the narrow beam and reach a little dark box at the end.
The analyses of HLRWT and NBT consisted of observing the animal crossing these apparatus and counting the number of hindlimb step errors. Failure to accurately place the foot on the beam or ladder rung was considered an error.
Following this 5-week period of treadmill training and tests, the animals were anesthetized using sodium thiopental (40 mg/kg, i.p.; Cristalia, Brazil). After trichotomy, 5 incisions of approximately 1 mm each were made into which needle electrodes were inserted to stimulate the right sciatic nerve (n = 5 in each group). Two electrodes were positioned 1 cm apart, the first one close to the sciatic nerve trunk and the second proximal to the crush site. The other two electrodes were inserted, 1 cm apart, into the gastrocnemius muscle. Finally, one ground electrode was inserted. The two electrodes positioned close to the sciatic trunk were responsible for stimulating the nerve trajectory while the two electrodes positioned in the gastrocnemius muscle registered the action potential. Muscular action evoked potential was determined by means of supra-maximum electric current stimulation using a two-channel electromyograph (Neurosoft ® , Brazil), linked to a computer (Acer, Brazil) with Neuro-MEP.net software for the evaluations.
Following the above-mentioned procedures, the animals were anesthetized with sodium thiopental (50 mg/kg, i.p.; Cristália, Brazil) and transcardiacally perfused with saline solution 0.9% and paraformaldehyde 4% (Regen, Brazil) in 0.1 M-phosphate buffer (PB, pH 7.4). For nerve regeneration analysis, a segment (∼3 mm) of the right sciatic nerve was rapidly excised, distal to the crush injury site. The specimens were fixed by immersion in a solution of 0.5% glutaraldehyde (Merck, Germany) and 4% paraformaldehyde (Reagen, Brazil) in a 0.1 M PB (pH 7.4; PB). Then, the material was postfixed in 1% OsO4 (Sigma, USA) in PB, dehydrated in alcohol and propylene oxide (Electron Microscopy Sciences, USA), embedded in resin (Durcupan, ACM-Fluka, Switzerland), and polymerized at 60 • C. Transverse-semithin sections (1 m) were obtained using an ultramicrotome (MT 6000-XL, RMC, Tucson, AZ) and stained with 1% toluidine blue (Merck, Germany)
Afterward, images of nerve were captured (20×) using a Nikon Eclipse E-600 microscope (Japan) coupled to a digital camera and Image Pro Plus Software 6.0 (Media Cybernetics, USA). For morphological evaluation (n = 5 in each group), a set of 8 images was obtained from each nerve, 4 random images from the outer edge periphery and 4 random images from the center of the nerve, in order to ensure a representative area per nerve segment (1161.5 m 2 ; 100% of the area analyzed per segment) [11] . The average number of fibers analyzed per nerve was 158.
Morphometrical measurements included the myelinated fiber density (number of fibers/mm 2 ); g ratio (the quotient axon diameter/fiber diameter, a myelinated fiber maturation index); percentage areas of myelinated fibers (%) and of endoneurial connective tissue (%).
Individual myelinated fibers were counted and the myelinated fiber density was determined by examining the ratio of the myelinated fibers/total area analyzed. The size of the areas was estimated with a point counting technique using grids with a point density of 1 point per 1.53 m 2 and the following equation:
where Â is the area, p the sum of points, and a/p the area/point value (3.24 m 2 ).
Sensorimotor, electrophysiological tests and morphometric measurements were analyzed using repeated measures one-way ANOVA. All analyses were followed by post hoc Duncan's test. Statistical significance was assumed at p < 0.05. Data were expressed as means ± standard error of the mean (SEM).
HLRWT and NBT were used to investigate the sensorimotor function of the animals. These tasks, which require fine sensorimotor control and precise foot placement, are easily performed by intact rats [5, 25] .
In the HLRWT, the number of the hindlimb slips was significantly greater in the young untrained injured group (1.3 ± 0.28) when compared to the young control group (0.4 ± 0.07; p < 0.03). No difference was found between all mature groups (MCon, MInj, and MTr) and when the young and mature groups were also compared (Fig. 1A) .
In the NBT, the number of hindlimb slips was statistically greater in the young untrained injured (0.8 ± 0.18) when compared to young trained groups (0.2 ± 0.06; p < 0.04). The mature untrained injured group (1.5 ± 0.26) had a greater number of hindlimb slips when compared to the mature control (0.4 ± 0.15; p < 0.001) and mature trained injured groups (0.5 ± 0.08; p < 0.001). However, fewer hindlimb slips were observed in the young untrained injured group (0.8 ± 0.18) when compared with the mature untrained injured groups (1.5 ± 0.26; p < 0.001) (Fig. 1B) .
In the HLRWT, our findings show that treadmill training was not effective in improving the motor function of the injured limb. On the other hand, in NBT, the treadmill training was shown to reduce the number of slips made by young and mature injured animals. The reason for this apparent discrepancy is not clear; however, these tests assess different aspects of motor performance: the NBT is a very sensitive method for monitoring discrete deficits in foot placement and body balance while the HLRWT is more appropriate for evaluating the sensorimotor coordination of the limbs and the descending motor control of motor pathways [29] . Therefore, as previous studies have shown that the NBT is particularly sensitive in evaluating deficits in foot placement [4, 17, 22] , it may consequently be more sensitive in relation to peripheral nerve injuries since this type of lesion causes such deficits.
The electrophysiological analysis (Fig. 1C) showed that there was a greater action potential amplitude in the gastrocnemius muscle in the young control group (27 ± 0.11 mV) when compared to the young untrained injured (10 ± 0.90 mV; p < 0.001) and young trained injured groups (15 ± 1.08 mV; p < 0.001). However, the young trained injured group (15 ± 1.08 mV) had a significantly greater evoked potential of the same muscle when compared to the young untrained injured group (10 ± 0.9 mV; p < 0.02), demonstrating the benefit of the treadmill training in this evaluation.
Similarly, the mature control group (22 ± 3.03 mV) had a greater action potential amplitude in the gastrocnemius muscle when compared to the mature untrained injured (6 ± 0.73 mV; p < 0.001) and mature trained injured groups (11 ± 1.38 mV; p < 0.001).
When comparing the young and mature groups, a smaller action potential amplitude was observed in the mature control group (22 ± 3.03 mV) in relation to the young control rats (27 ± 0.11 mV; p < 0.04), suggesting a possible decrease in the muscular action potential with aging.
It is known that the decrease in amplitude of the muscle action potential is roughly proportional to the degree of axonal loss. This loss of amplitude is also related to changes in the neuromuscular junction [6] . Five weeks of treadmill training improved muscle action potential in the young injured animals, although, regarding this parameter, this intervention does not seem to achieve the same beneficial effect in mature injured animals. Additionally, the mature control animals present smaller action potential amplitude in the gastrocnemius muscle when compared to the young control animals. Similarly to our results, enhanced electromyographic parameters were found after 24 days of exercise training in adult rats submitted to sciatic nerve crush lesion [30] while enhanced reinnervation and increased motor nerve conduction velocity were found after 4-weeks treadmill training [1] .
Structural analysis of the nerves revealed some differences between the young and mature groups (Fig. 2A) . The mature control group had a greater myelinated fiber diameter and a smaller myelinated fiber density. In addition, the endoneurial connective tissue between the nerve fibers were greater in all mature groups.
The myelinated fiber density was higher in the young and mature untrained injured groups and lower in the young trained injured group and had a similar aspect to that found in the young control group. The young and mature trained injured groups was similar; the most important difference was the increased endoneurial connective tissue between the nerve fibers in the mature group.
Analysis of the morphometrical data revealed that the young untrained injured group (23,009 ± 1661 fibers/mm 2 ) showed a higher myelinated fiber density when compared to the young control (16,521 ± 905 fibers/mm 2 ; p < 0.001) and trained injured groups (17,082 ± 1054 fibers/mm 2 ; p < 0.001). In the mature groups we found a higher myelinated fiber density in both the untrained injured (14,406 ± 1324 fibers/mm 2 ) and trained injured groups (15,469 ± 429 fibers/mm 2 ) in relation to the mature control group (12,895 ± 491 fibers/mm 2 ; p < 0.05). Comparing the different age groups, the young control and young untrained injured groups had a higher density of myelinated fibers in relation to the mature control and mature untrained injured groups (p < 0.03 and p < 0.001, respectively) (Fig. 2B) . Myelinated fiber maturation, estimated by means of g ratio analysis, was more scanty in the young untrained and trained injured groups (0.712 ± 0.003 and 0.714 ± 0.015, respectively) compared to the young control group (0.658 ± 0.003; p < 0.002; Fig. 2C ). Similarly, in the mature untrained and trained injured groups (0.746 ± 0.009 and 0.728 ± 0.013, respectively) the myelinated fiber maturation was more scanty when compared to the mature control group (0.640 ± 0.013; p < 0.001).
When examining the morphometrical measurements for the percentage area of myelinated fibers, the young untrained and trained injured groups (31 ± 2.18% and 26 ± 2.21%, respectively) had a smaller percentage area of myelinated fibers than the young control group (73 ± 2.28%; p < 0.001; Fig. 2D ). Likewise, the mature untrained and trained injured groups (18 ± 1.98% and 22 ± 1.71%, respectively) had a smaller percentage area of myelinated fiber than the mature control group (63 ± 1.50%; p < 0.001). In relation to the different ages, we observed a larger percentage area of myelinated fiber in the young control group when compared to the mature control group (p < 0.001). The opposite is true, in relation to the percentage area of connective tissue (Fig. 2E) , the young and mature untrained and trained injured groups have a larger percentage area of connective tissue than the respective young and mature control groups. There is a difference between different ages, with all the mature groups having a larger percentage area of connective tissue than all the young groups.
Thus, the myelinated fiber density increased after injury and decreased after treadmill training in injured young animals. In some early stages after peripheral nerve lesion, axons may increase the connectivity with their target cells compared to normal adult rats [14, 21] . This polyneuronal innervation is substituted by mononeuronal innervation, when synapses are competitively eliminated from the new motor units through axonal sprouting and regeneration of injured motor axons to endplates occupied by sprouts [10] . The substitution of polyneuronal by mononeuronal innervation is reestablished when the motor activity is restored [2] . In the present study, treadmill training may have led to a decrease in poly-innervation as well as an increase in the muscular action potential, suggesting that motor units became more functional after exercise.
A reduction in the number or density of myelinated fibers in peripheral nerves has been reported with aging [31, 33] . In this study, a lower myelinated fiber density is shown in the mature animals when compared to the young. This result may support the muscle action potential amplitude findings reported here, since the mature control animals present lower action potential amplitude in relation to the young control animals. In agreement with our results, other studies have also detected evidence of an agedependent reduction in electrophysiological parameters [24, 31] . Furthermore, spontaneous denervation, which normally occurs in aging muscle, is distinguished by a reduction in the average number of motor units [31, 34] .
Although axonal regeneration and reinnervation mechanisms are maintained throughout life, they become slower and less effective with increased age [7, 9, [18] [19] [20] . Normal aging brings several changes in the peripheral nerves, including a decrease in the number of myelinated fibers [27] , impaired Schwann cell-axon interaction [32] , the splitting of myelin sheaths, redundant myelin and disruption of Ranvier's node [16] . In agreement with this, our results show an increase in the myelinated fiber maturation index (g ratio) in untrained and trained injured young and mature animals compared to the respective control groups, representing a reduction in myelinated fiber maturation. In addition, the percentage of myelinated fiber increased in injured and trained groups.
In conclusion, our data provide evidence that moderate treadmill training could be used as a therapy after traumatic crush injury in young animals. The aging process reduces the effectiveness of this intervention due to the reduction of recovery in the electrophysiological and morphological parameters analyzed. However, in mature animals, treadmill training was able to increase the functionality of the animals submitted to peripheral nerve injury. We suggest that more investigations are necessary in order to test if a longer training program may lead to electrophysiological and morphological gains, or if the association with other therapies used in clinical practice is able to accelerate improvement in patients with peripheral neuropathies during the aging process.
